Single nucleotide polymorphisms (SNPs) which capture a significant impact on 23 a trait can be identified with genome-wide association studies. High linkage disequi-24 librium (LD) among SNPs makes it difficult to identify causative variants correctly.
candidate variants in structured and unstructured populations. 48 Next, we investigate a multiple testing problem. For each SNP k, k = 1, . . . , p, it is tested H 0 : β k = 0 vs. H A : β k = 0 (2.1) with a suitable test statistic 122 T k = β k SD( β k ) .
( 2.2)
The calculation of power π requires the distribution of T k under H A , then 123 π(µ k ) = Pr(T k ≥ q 1−α/2 ) + Pr(T k < q α/2 ) ,
where q 1−α/2 and q α/2 denote the upper and lower threshold, respectively, of the distri-124 bution of T k under H 0 with respect to a type-I error α. Due to the ridge approach, 125 requirements for fulfilling a t distribution do not hold (Searle, 1971, p. 57) . Hence the 126 distribution of T k is approximated as normal and the distribution mean µ k is obtained 127 from the expectation and variance of the estimator β k . The moments are 128 E( β) = (X X + λI p ) −1 X Xβ ,
The central point of our investigation is to substitute the correlation matrix 1 n X X to
Under H 0 µ k = 0. In order to calculate the optimal sample size, the experimenter has 134 to specify a set of parameters: number of SNPs (p) in the investigated window of DNA, 135 number of QTL signals to be detected (η), proportion of variance explained by the window 136 (h 2 ) and number of families (e.g., N sires). The input parameters for statistical power 137 calculation are inferred from this experimental set-up: 138 1. R requires haplotypes of N sires (plus genetic map and maternal LD in general). 139 2. We assume that all variants corresponding to the QTL signals contribute equally to 140 the genetic variance. Hence the relative effect size is determined at η QTL signals 141 as 142 β l σ e = h 2 η(1 − h 2 ) for l in the set of QTL signals .
The remaining β's are 0. This is a rough approximation assuming linkage equilibrium between variants cor-145 responding to the QTL signals. 146 We circumvent doing any assumption about the unknown positions of QTL signals by 147 taking a random sample of η positions. Then the optimal sample size is calculated over 148 a range of n (e.g., 1 − 5 000) employing the method of bisection. The minimum n that 149 exceeds a power of 80 % is selected as "optimal" and denoted as n opt . In order to get a 150 reliable estimate of optimal sample size, sampling is repeated 100 times, and the median 151 of n opt is suggested as final n * opt . The overall type-I error was α = 0.01. 
Then the regression coefficient is estimated via ordinary least squares as
The null hypothesis testing problem (2.1) and the corresponding test statistic (2.2) also 158 apply in the single-SNP analysis. The test statistic is t-distributed with n − 1 degrees of 159 freedom and non-centrality parameter δ k (Searle, 1971, pp. 110) , Additionally, to explore a direct relationship between assumed positions of QTL signals 189 and n opt , we selected arbitrarily a single repetition of simulation with h 2 = 0.1 and N = 10.
190
For this particular data set, we determined n opt for each SNP position (i.e., assuming one 191 QTL signal) and for all possible SNP pairs (i.e., assuming two QTL signals).
192
The R package asreml version 3.0 (Butler et al., 2009) was used for association analysis. sample was required if QTL heritability was less than 0.2.
235
In case of h 2 = 0.1, the distribution of n opt is represented in Figure 1 ; a separate panel is 236 shown for each number of QTL signals to be detected. Based on 100 × 100 estimates of 237 n opt , we derived a bimodal distribution of optimal sample size in the multi-SNP model.
238
The median of n opt was consistently less than sample size estimated from single-SNP in-239 vestigations. With increasing heritability, the first mode approached the median of n opt 240 but was still less than optimal sample size based on the single-SNP model, see Supple to obviously increased n opt for detecting one QTL signal (Figure 3 ).
253
The association analysis of data sets of optimal sample size was validated in terms of 254 sensitivity and specificity of testing SNP effects. The shape of ROC curves was similar 255 for all investigated simulation scenarios. As an example, if N = 10 and η = 2, the median 256 of n * opt was 273, and the outcome is displayed in Figure 4 . The analysis showed superiority 257 of the multi-SNP model over the single-SNP model. In general, it was observed that the 258 smaller n * opt was estimated, the larger both TPR and FPR turned out for the single-SNP up, see Figure 5 . The blocking structure was less pronounced. Using this R for estimating 266 n * opt led to results being similar to the simulation study for one and two QTL signals but larger samples were required to detect more QTL signals: n * opt was 123 (1 signal we employed the relationship X k β k = X 
302
Hence the suggested optimal sample size is divided into N sires which are selected for most 303 heterogeneity in the target region. The actual number of sires is of minor importance.
304
The choice of individuals depends on the objectives of the follow-up study. Sires can be 305 chosen independently from the GWAS population in order to confirm and fine-map QTL 306 signal(s). However, if the initial study indicated the presence of rare variants, sires under derived from the data to estimate the optimal sample size (n * opt ) and thus provides all the 349 information needed to design a fine-mapping experiment.
350
Currently, several fine-mapping studies are based on imputation strategies or the integra- For planning the design of experiment, we recommend a multi-SNP approach which con-385 siders the expected dependence among SNPs. Compared to a conventional approach, 386 this leads to a reduced estimate of sample size and thus promises a more efficient use of 387 animal resources. The benefit depends strongly on heritability: the lower heritability, the 388 more resources can be saved. In general, optimal sample size increases almost linearly 389 with the number of QTL signals to be detected. This study constitutes a framework for 390 the design of experiments in specific populations that may be characterized by family 391 stratification. It will help differentiating independent signals in QTL regions that can be 392 further examined for cellular and molecular properties. 
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(2016),
a function of maternal and paternal contribution and depends on the sire diplotype S s .
537
The D d k,l denotes the LD of maternal gametes in a dam population. The sire term depends 538 on the phase of paternal haplotypes and recombination rate (θ k,l ). It is determined as
for sire with haplotypes A-A and B-B − 1 4 (1 − 2θ k,l ) , for sire with haplotypes A-B and B-A 0 , else .
(A.1)
To achieve the covariance between a pair of SNPs, we employ conditioning on families,
with family weights w s = ns n and N s=1 n s = n. The aim is now to derive an expression 541 that depends on already known terms. For instance, using
We exploit the separation into independently inherited maternal and paternal SNP alleles: 
This can be reduced to
w s E(X j,l,s ) and evaluated using the sire-specific terms in (A.1) and (A.2).
550
Now the variance of genotype codes at SNP k is derived explicitly -it also serves as a Then, the variance at SNP k is
Finally, the correlation matrix R = {R k,l } k,l=1,...,p is calculated by scaling the entries 555 correspondingly,
Note that the covariance based on non-centered genotype codes (as derived above) is 557 identical to the one based on centered genotype codes (as used in Section Material and 558 methods). Centering is used to study within-family genetic effects, and it allows the direct 559 estimation of allele substitution effects (Abecasis et al., 2000) . Table 1 Median of optimal sample size for detecting different number of QTL signals from 100 repetitions of simulations. Results are based on the multi-SNP approach * (N = 1, 5, 10 families) or single-SNP approach. ( * In each repetition, sample size was repeatedly determined for randomly drawn QTL positions and the median was calculated.)Ridge GWAS Figure 4 Sensitivity and specificity of testing SNP effects. ROC curve is based on 100 × 100 repeated simulations of genotypes and phenotypes in progeny generation comprising N = 10 half-sib families (two QTL signals, h 2 = 0.1). Optimal sample size suggested by the multi-SNP model was considered for setting up the progeny generation. 
